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Introduction
There are many drugs or drug candidates that have an imidazole moiety. A number of them have been reported to be retained and/or accumulated in such connective tis sues as aorta and ligament which contain much elastin, when they were administered to laboratory animals. ' 4) Investigations to elucidate the mechanism causing this characteristic disposition have been conducted in our laboratory using 14C-labeled compounds with a sim ple structure: imidazole and its 2-methyl derivative. Previous studies in vitro and in vivo have indicated that the imidazoles, biotransformed into a nucleophilic 4(5H) (or 5 (4H) )-imidazolone structure, could bind covalently to aldehydic residues of fibrous connective-tis sue proteins, especially to those found much in elastin (c-aminoadipic 8-semialdehyde (allysine) residues).5-8) This reaction is shown in Fig. 1 .
Elastin is the major component of elastic fibers. In the normal construction of elastic fiber, the allysine residue plays a key role as a basic intermediate forming such cross-linkages as desmosine and isodesmosine, which (Osaka), to a specific activity of 74 or 7.4 kBq/pmol for a dosage of 10 or 100 Nmol/kg body weight, respective ly. All other chemicals and reagents were of analytical grade or better and were obtained commercially.
Animal Treatment
Weanling male rats of Wistar strain (3 week-old, weighing 30 to 50 g) were obtained from Japan SLC, Inc. (Shizuoka) and acclimatized to the conditions of our animal facility (23±3°C, 50±20% humidity, 12 h light/dark cycle, a pellet diet from Oriental Yeast Co., Ltd. (Tokyo), and sterile water ad libitum) for 1 week before the beginning of experiment. Then, they were randomized by weight into three groups (1 -3) each con taining five animals. The group 2 and 3 were given sub cutaneous doses of 10 and 100 pmol/kg (0.82 or 8.2 mg/kg) of [14C]2MI, respectively, as a solution of iso tonic saline (1 ml/kg) daily for 28 consecutive days (treatment from 4 to 8 weeks of age). The group 1 was given saline only in the same way, and this served as a control.
Tissue Preparation
At 24 h after the final dosing, each animal was anesthe tized with diethyl-ether, and the aorta from arch to thoracic portion was obtained anatomically. Following gentle removal of adhering tissues, three ringed aortic segments (2.0 mm length) were cut successively just be low the opening of the left subclavian artery under stereomicroscopic observation. The first and second rings were used for mechanical testing and for measure ment of cross-sectional area, respectively. The third ring was used for morphological examination. The remaining aortic tissue was chopped into small pieces and processed to defatting in a mixture of chloroform methanol (2 : 1), followed by acetone and ether, and then used for determination of elastin and collagen con tents and of irreversibly bound radioactivity.
Mechanical Testing
Aortic mechanical properties were characterized by a modified form of the method of Kimball et al. 12) Briefly, each fresh aortic ring was suspended between the two hooks. One of the hooks was attached to a motor-driven device producing a strain at a rate of 3 mm/min, and the load on tissue was consecutively measured with a force gauge attached to the other hook until the ring rupture. At the same time, the tissue lengths at starting and breaking points were also measured using a calibrated stereomicroscope. Further, inside and outside diameters of the adjacent aortic ring were measured at four 90° in tervals around its circumference using a phase-contrast microscope, and the mean cross-sectional area was calcu lated. From these results, the tensile strength (load at breaking/mm2 of cross-sectional area) and extensibility (increment of length at breaking/initial length x 100) were obtained.
Determination of Elastin and Collagen Contents
The dry fat-free aortic pieces were weighed and sub jected to autoclaving (1.25 kgf/cm2, two 3-h periods) according to the method of Neuman and Logan.13> The resulting solubilized fraction, containing collagen, was lyophilized, weighed, and then hydrolyzed with 6 M HCI for 24 h at 110°C in an evacuated sealed tube. Following removal of the acid under reduced pressure, the amount of hydroxyproline was determined by a colorimetric assay.14) The insoluble tissue residue after autoclaving, corresponding to a crude elastin fraction, was washed with hot water, extracted with 0.1 M NaOH at 95°C for 45 min to remove slightly remaining non-elastin materials,") washed with water again until the washing became a neutral pH, and then lyophilized. Collagen content was calculated by assuming that hydroxyproline makes up 14% of the mass of collagen,16) and elastin content was determined from weight of the final lyophilized fraction. Each value was converted to percentage of the initial dry fat-free weight of the tissue.
Determination of Irreversibly Bound Radioactiv
ity in Elastin and Non-Elastin Fractions The elastin fraction isolated as above was solubilized with 1 M NaOH in 80% ethanol at ambient temperature. 15) The hydrolysate of the autoclave-solubi lized fraction (non-elastin fraction) was appropriately diluted with distilled water. Suitable aliquots of these so lutions were transferred to vials, and 10 ml of a scintilla tor (Hionic-fluor; Packard Instruments Co., Downers Grove, IL, USA) was added directly to them. Radioactiv ity was determined in a Beckman LS6000TA liquid scin tillation counting system (Fullerton, CA, USA). Since each fraction was obtained from the tissue sample passed through the extensive solvent extractions of defatting, the resulting data were considered to come from 14C material bound irreversibly to biological macro molecules.
Morphological Examination
The aortic segment was fixed in 10% (v/v) neutral buffered formalin, dehydrated through ethanol and isopropanol series, and then embedded in paraffin. Paraffin sections of 4µm thickness were prepared and stained with an ACCUSTAIN®-kit (Elastic Stain; Sigma Chemical Co., St. Louis, MO, USA), which is based on the modified Verhoffs Van Gieson and stains tissue ele ments as follows: elastic fiber, blue black to black; nucleus, blue to black; collagen, red; muscle and others, yellow. A microscope-stage micrometer was employed for measurement of thickness of the aortic media.
For autoradiography, sections on glass slides were deparaffined through xylene and ethanol series, and dipped in a Kodak NTB-2 nuclear emulsion (Eastman Kodak Co., Rochester, NY, USA). After exposure for 8 days, they were developed and then stained with hematoxylin-eosin. Since the aortic specimen and its sec tions were processed through immersion in a series of or ganic solvents, the resulting autoradiographs were consi dered to indicate distribution of irreversibly tissue bound 14C material.
Statistical Analysis
Statistical comparisons between control and treat ment groups were performed using Dunnett's multiple comparison test. Differences were considered to be sig nificant when p<0.05.
Results
The rats used were observed daily, and there were no remarkable clinical signs and behavioral changes throughout this study. Final body weights of the ex perimental groups 1-3 accounted for 237.2±5.5, 245.7±1.5, and 242.2-t3.8 g (mean±SE of five animals), respectively, and were not significantly differ ent.
Extensibility and Tensile Strength of the Aorta
The data are listed in Table I . Aortic extensibility was significantly reduced in 2MI-dose-dependent man ner, reaching 75.9 and 69.8% of the control level in the 10 and 100 µmol/kg groups, respectively. On the other hand, aortic tensile strength showed a dose-related in creasing trend, but the trend was not statistically sig nificant. 
Elastin and Collagen Contents of the Aorta
The data are listed in Table II . Elastin content was decreased in dose-dependent manner, but the decrease was statistically significant only in the high dose of 2MI (100 µmol/kg) . On the other hand, collagen content was increased dose-dependently, but only the increase in the 100 pmol/kg group was significant.
Histological Findings
The aortic photomicrographs are shown in Fig. 2 . The histological view of the aortic wall in the low dose of 2MI (10 µmol/kg, Fig. 2-2 ) was virtually similar to that in the control (Fig. 2-1 ), except for a slight deran gement of the black-stained medial elastic laminae that consist of sheets of elastic fiber. The high dose of 2MI (100 µmol/kg, Fig. 2-3 ) caused focal disorganization and fragmentation of the elastic laminae.
As a result of morphometric observation (Table III) , thickness of the aortic media showed a dose-related in creasing trend.
Irreversible Binding Data
As presented in Table IV , the level of irreversibly bound 2MI-equivalent in elastin fraction was considera bly high as compared with that in non-elastin fraction, and was increased with the increasing dose of [14C]2MI.
A representative aortic microautoradiograph is shown in Fig. 3 (100 µmol/kg dose) . The three basic layers of the aortic wall; intima, media, and adventitia, can be seen in there. And irreversibly bound radioactivity (black grains) was mainly observed in the medial por tion. This type of autoradiograph was also obtained at the 10 µmol/kg dose (data not shown). 
Discussion
Although there was no apparent growth retardation as reflected in body weight gain, 2MI caused considerable alterations in the mechanical, biochemical, and morpho logical properties of the rat aorta by its chronic treat ment along maturation.
The aortic extensibility was significantly decreased by 2MI (Table 1) . It is well known that the aorta contains large amounts of elastin that render it highly extensile.9)
The aortic elastin content was correspondingly reduced by the 2MI treatment in a manner which might predicta bly affect the mechanical property (Table H) .
The histological lesion of the aortic elastic laminae was observed in the high dose of 2MI (Fig. 2) . A simi lar observation has been reported in the copper-deficient swine17,1s) and Brown-Norway rat (spontaneously occurring).19) In either case, the lesion of the elastin based structure has been thought to involve the incom plete cross-linking of elastin caused by reduction of activ ity of lysyl oxidase, which is a copper-requiring enzyme and catalyzes the biosynthesis of lysine-derived aldehyd ic residues for cross-linking initiation. 19, 20) The effect of imidazole derivatives including 2MI on this enzyme ac tivity is unknown. Inferring from the retention of 2MI in the elastic connective tissue and its proposed mechan ism ( Fig. 1),5-s) however, the 2MI-induced lesional effect can be due to the aldehyde-bonding nature of this compound, by which biosynthesized aldehydic residues may be removed from subsequent cross-linking reac tions. This could be supported by the irreversibly bound [14C]2MI-related radioactivity occurring in the aortic media (Fig. 3 ) which is rich with elastic fiberZ1) and by the preferential binding of 2MI-equivalent to elastin fraction (Table IV) .
It is conceivable that the 2MI-induced reduction of elastin content should be accompanied with the forma tion of elastin-like materials that are poorly cross-linked and thus soluble. If such materials had accumulated in the aortic tissue, they would have been recovered in the solubilized fraction after autoclaving (non-elastin frac tion) with [14C]2MI related radioactivity. However, the radioactivity level of the non-elastin fraction was not sufficiently high to explain the above supposition (Table IV) . This suggests the rapid elimination of elastin-like materials from the tissue, which may be as sociated with the following two informations: partially cross-linked elastin prepared from copper-deficient animals is more susceptible to proteolysis by elastase than is normal elastin;22) and the high elastase activity is observed in the aorta of the previously described Brown Norway rat. 19) The aortic collagen content was increased by the 2MI treatment. This detailed mechanism is uncertain, but the increase possibly indicates the tissue reinforcement to resist pulsatile blood flow, which compensates the lowering of the tissue extensibility accompanied by the loss of elastin. This may be subtly linked with the in creasing trends in the tensile strength (Table I ) and in the thickness of aortic media (Table III) . Besides, a similar compensatory modification of the aorta has been seen in the ageing process leading to the tissue stiffening. [23] [24] [25] [26] We here report that 2MI affects maturation of the elas tic organ materially, and that this effect is attributable to the binding of 2MI to elastin. A recent study using mice lacking elastin has provided an interesting information that this protein also has a regulatory function during ar terial development through controlling proliferation and organization of vascular smooth muscle.27) Taking our data and this information into account, the effect of 2MI on aortic maturation could be of toxicological sig nificance in the vasculogenesis. This might impart an analogous toxic potential to some other imidazole-con taining compounds, which are retained in large quanti ties in the elastic connective tissue through biotransfor mation into such nucleophilic metabolites as having an al dehyde-bonding 4 (5H) (or 5 (4H) )-imidazolone struc ture.
